ABSTRACT In the presence of high concentrations of any of several types-of macromolecules, DNA ligase preparations.from rat liver nuclei or from Escherichia coli actively-catalyze the bluntend ligation of DNA. This is in codtmst to the lack of activity on such substrates by these enzymes under conventional assay conditions. In addition, the previously established activity of T4 DNA ligase on blunt-ended molecules is greatly increased in the presence of high concentrations. of macromolecules. Because-such 'crowded solutions may well be: a more adequate model.for intracellular conditions than assays in dilute solutions, we. suggest that blunt-end ligation may be a widely, occurring reaction in vivo. Wlll DNA ligases that seal -single-stranded breaks in duplex DNA are found in all of the major groups of living organisms (1, 2). However, only the DNA ligase induced in Escherichia coli upon infection with T4 bacteriophage has been, demonstrated to catalyze blunt-end ligation of DNA duplexes-i.e., ligation between two fully base-paired termini of DNA duplexes ( Fig. 1) (1, 3-5). We have recently found conditions.that increase the ,rate of'blunt-end joining by the T4 DNA ligase by several orders of magnitude (unpublished -data). As will be described elsewhere, these conditions utilize high concentrations of any of a variety-of macromolecules, such as plasma.albumin, polyethylene glycol'(PEG), or Ficoll, all of which appear to be acting as volume excluders (6, 7). Under such conditions, the DNA ligases-from rat liver nuclei and from E. coli have been found -to catalyze the blunt-end ligation of DNA very actively, whereas no detectable blunt-end ligation was found in the absence of the volume excluders. Because such crowded solutions may well be a more adequate model for intracellular conditions than assays in dilute solutions (8), we suggest that blunt-end ligation may be a-widely occurring reaction in vivo.
Wlll
DNA ligases that seal -single-stranded breaks in duplex DNA are found in all of the major groups of living organisms (1, 2) . However, only the DNA ligase induced in Escherichia coli upon infection with T4 bacteriophage has been, demonstrated to catalyze blunt-end ligation of DNA duplexes-i.e., ligation between two fully base-paired termini of DNA duplexes ( Fig. 1 ) (1, (3) (4) (5) . We have recently found conditions.that increase the ,rate of'blunt-end joining by the T4 DNA ligase by several orders of magnitude (unpublished -data). As will be described elsewhere, these conditions utilize high concentrations of any of a variety-of macromolecules, such as plasma.albumin, polyethylene glycol'(PEG), or Ficoll, all of which appear to be acting as volume excluders (6, 7) . Under such conditions, the DNA ligases-from rat liver nuclei and from E. coli have been found -to catalyze the blunt-end ligation of DNA very actively, whereas no detectable blunt-end ligation was found in the absence of the volume excluders. Because such crowded solutions may well be a more adequate model for intracellular conditions than assays in dilute solutions (8) , we suggest that blunt-end ligation may be a-widely occurring reaction in vivo.
MATERIALS AND METHODS Enzymes. A exonuclease was purchased from New England BioLabs. Pvu II restriction endonuclease was a product of either New England.B-ioLabs or Bethesda Research Laboratories and T4 DNA ligase and T4,RNA ligase were from Bethesda Research Laboratories. E. coli DNA ligase fraction VII (9) was-a gift from M. Gellert. Rat liver DNA ligase fraction'IV was purified as described (10) .
DNA and .DNA Digestions. pBR322 DNA was either a gift from M. Gellert-or the product of Bethesda Research Laboratories. A DNA was from New England BioLabs, whereas a HindIII digest of A DNA-was obtained from Bethesda Research 'Laboratories. Digestions of pRR322 DNA with Pvu II were done under the conditions suggested by the suppliers; the digested The publication costs of this article were-defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 DNA was isolated by phenol/chloroform extraction and ethanol precipitation. E.-coliDNA (P-L Biochemicals).was labeled with 32P at-'the 551-phosphate termini of.nicks introduced by pan--Vcreatic DNase I, -as described for calf thymus DNA (10) .
Solutions of Volume Excluders. (11, 12) . PEG 6,000-has an advantage in that it can be easily removed from DNA solutions by extraction with chloroform (13) . DNA of mixture A (20 mM' EDTA/23% glycerol/0.23 mg of bromphenol blue per ml/4.5% NaDodSO4) was added and the samples were applied to a horizontal slab gel (14) . The gel composition,. electrophoresis, and photography were as described by Gellert et al. (15) . Sealing of nicks was assayed by conversion of 5'-32P-labeled termini to a form resistant to bacterial alkaline phosphatase, as described (10) , by using assay conditions as above in-which 0.3 ,ug of DNA labeled with 32p in the 5'-phosphate groups at nicks replaced the Pvu II endonuclease-digested pBR322 DNA, with incubation at 209C for times as indicated.
RESULTS.
Blunt-EndLigation in Concentrated Polymer Solutions. Purified preparations of the DNA ligases from rat liver nuclei or from E. coli are inactive-in assays for blunt-ended'DNA joining under the conventional dilute-solution conditions used for assaying this type of reaction with the T4 DNA ligase (lane 1 or 7 vs. lane 13 in Fig. 2 ; see also refs. 4 and 5). Assays for bluntend ligation by the rat liver or E. coli enzymes under related conditions in which the pH, ionic strength, or temperature was varied were also negative, as were assays under a variety of conditions described in the literature (5, (16) (17) (18) , which include additions of T4 RNA ligase (5, 16, 17) , spermidine (16, 17) , or hexamine cobalt chloride (16) (unpublished data).
The situation changes dramatically in crowded solutions. In the presence of high concentrations of a number of macromolecular solutes, both the rat liver and E. coli DNA ligases exhibit high. levels of blunt-end ligation; the activity of the T4 DNA ligase is stimulated by l1,000-fold (unpublished data) and the product distribution is modified under these conditions. The effect of changes in PEG 6,000 concentration on the ligation of linear blunt-ended pBR322 is shown in Fig. 2 ligases: The E. coli ligase (lanes 1-6) and the rat liver ligase (lanes 7-12) both form a series of products as the PEG 6,000 concentration is raised. The nature of these products will be considered below; clearly, they are related to the products formed by the T4 DNA ligase (lanes [13] [14] [15] [16] [17] [18] Identification of the Products of Blunt-End Ligation. The routine DNA substrate for our blunt-end ligation assays is the linear flush-ended duplex DNA molecule formed by single-site cleavage of pBR322 DNA (2.7 X 106-daltons) with Pvu II restriction endonuclease (19) . In principle, such a substrate can undergo either-intramolecular ligation to form a-circular product or intermolecular joining to-yield linear oligomers-which could' then also be cyclized. The criteria we used to identifv circular ligation products were their mobilities on gels relative to standard materials, their resistance to A exonuclease, and the presence of the characteristic distribution of closed circular DNA topoisomers.
T4 DNA ligase forms relatively large amounts of monomer circles and smaller amounts of dimer circles if assaved at low concentrations of background macromolecules [e.g., lanes (More sensitive assay by autoradiography indicated that small quantities of monomer circles could be formed by the rat liver enzyme in 6-11% PEG 6,000.) A exonuclease treatment of E. coli or rat liver ligase products confirmed the relative absence of circular molecules. For example, incubation of E. coli ligase reaction mixtures with A exonuclease (20) removed all of the product bands (Fig. 4, lanes  5-7) . (The resistance of circular DNA reference materials under these conditions is shown in lanes 1-3 and 13-15.) Similar treatment of a rat liver ligase reaction mixture (lanes 9-11) also degraded most of the product but left some material that did not enter the gel and that is presumably-very large and may contain circular products. [A fraction of the DNA product formed by the T4 ligase at higher PEG concentrations also does not enter the gel (Fig. 2, lanes 16-18) ; this fraction formed by either enzyme has not been further characterized.]
The size distribution of linear oligomers made by the ligases in crowded solutions ranged from dimer through pentamer for the E. coli ligase to considerably larger oligomers for the other enzymes. For the rat liver ligase, the largest linear products were similar in gel mobility to A DNA (33 X 106 daltons), comparable to a decamer in size, whereas a significant proportion of the linear products of the T4 ligase was larger than A DNA based on migration in 0.5% agarose gels (data not shown). Reaction Products Are Formed by Nonspecific Blunt-Ended DNA Joining. Several lines of evidence indicate that the ligation of the Pvu II digest of pBR322 described above is a bluntended DNA joining as opposed to sealing of cohesive ends (Fig.  1) . First, the enzymes to which the DNA substrate is exposed are unlikely to generate significant amounts of termini other than the expected flush-ended DNA termini. The routine DNA substrate is a linear monomer length duplex produced by the action of restriction endonuclease Pvu II. This enzyme makes a flush-ended cut at a unique site on pBR322 (19, 21) . The preparations of Pvu II that we used were essentially free of nonspecific endonuclease activity under the conditions employed, as judged by lack of activity upon a deletion mutant of pBR322 that lacks the Pvu II recognition sequence (kindly provided by K. Mizuuchi). The ligase preparations all are free of detectable 5' exonuclease based on a lack of release of radioactivity from terminally labeled DNA substrate.
The most powerful test that the nominal Pvu II site is actually being rejoined in the blunt-end ligation is the ability of the Pvu II nuclease to convert the ligation products back to linear monomer length pieces. That this was the case is demonstrated in Fig. 5 Left for the T4 DNA ligase and Fig. 5 Right for the rat liver and E. coli ligases; the latter enzyme preparation did cause a small amount of ligation of material resistant to recutting with Pvu II endonuclease, possibly due to the presence of low levels of exonuclease in the ligase preparation.
The ligations described above are not dependent upon a particular base sequence due to a fortuitous choice of Pvu II endonuclease (recognition sequence C-A-G-C-T-G, ref. Blunt-end ligation by the E. coli and rat liver ligases in the presence of high levels of PEG 6,000 was readily observed at 0.2 pug of DNA per ml, 1/60 of the usual assay concentration (autoradiographic assay; data not shown).
Single-Strand Ligation in PEG 6,000 Solutions. The effects of a range of PEG 6,000 concentrations on the sealing of nicks by each of the three ligases are shown in Fig. 7 . For each enzyme, the rates at the indicated PEG 6, expressed relative to the rate in the absence of PEG 6,000. The effects on the T4 and E. coli ligases were similar and quite different from those on the rat liver enzyme (A, B, and C, respectively). Although further effort will be required to understand these patterns, it is clear that effects of PEG 6,000 on the sealing of the juxtaposed termini of nicks are much smaller in magnitude than are the effects on blunt-end ligation. DISCUSSION The concentration of macromolecules in living systems is enormous (8) . The "soluble" protein concentration alone of E. coli or of rat liver is >8% (i.e., >80 mg/ml)-based on fractionation studies in conjunction with enzyme purification (9, 10)-and the total protein content is at least severalfold higher (8) (9) (10) ). Yet, the characterization of enzymes and other natural materials is usually done in the absence of significant concentrations of background macromolecules. Minton (6, 7) has very clearly presented theoretical discussions that indicate that large effects on both rates and equilibria may be expected because of excluded volume effects due to the presence of the macromolecules. Systems in which conformational changes or changes in the state of oligomerization are occurring with attendant effective volume changes were shown in principle to be subject to excluded volume effects. A number of experimental examples exist of such effects on proteins and enzymes (see ref. 7 for review). Examples involving nucleic acids include the melting of DNA in the presence of high concentrations of polymers (23), the polymer and salt-induced changes in DNA (12, 24, 25) , the acceleration of renaturation of DNA in the presence of polymers (26) , and the stimulation of in vitro DNA replication systems by polymers (27) (28) (29) .
The effects of macromolecular crowding on blunt-end ligation appear to be correlated with an increase in the effective concentrations of the flush-ended DNA termini that are joined. The dependence upon high concentrations of background molecules and the lack of specificity with regard to these molecules is consistent with a volume-exclusion mechanism (6, 7). In addition, statistical arguments (30, 31) suggest that the predominance of linear over circular DNA products when ligation occurs in high concentrations of background molecules is due to a high effective concentration of DNA termini. The reasoning is that the effective concentration of ends for intermolecular joining increases with DNA concentration, but the concentration for intramolecular cyclization is independent of DNA concentration. In contrast to the E. coli and rat liver enzymes, the T4 ligase can perform blunt-end ligation in the absence of background macromolecules-albeit at a relatively low rate-and under these conditions circular as well as linear products are formed. When this enzyme is assayed at higher macromolecule concentrations, the rate of blunt-end ligation increases and essentially only linear products are formed. Hence, the lack of circular products with the E. coli and rat liver enzymes is attributable to the requirement for a high background macromolecule concentration to allow detectable amounts of blunt-end ligation. A final consideration comes from the effects of crowded solutions on the sealing of nicks. In this case, apposition of the DNA strands to be joined is provided by intramolecular structure and is independent of DNA concentration. Hence, by the proposed mechanism, crowded solutions should not stimulate ligation of nicks and, indeed, only relatively small effects were observed compared to those on blunt-end ligation. This last argument requires that the same enzymes catalyze ligation of both types of termini.
For the T4 DNA ligase there is considerable evidence that the same enzyme does catalyze both blunt-end ligation and the sealing of nicks, including copurification of the two activities (5, 32) and genetic arguments (33) . For (42) .
